A two-dimensional compressible magnetohydrodynamic (MHD) computational model has been developed to study the effect of gassing material on air arc behavior in low voltage circuit breaker. The properties of arc plasma and the electric, magnetic and radiative phenomena have been taken into account in the model. Based on the model, steady state solutions have been performed to study the effect of gassing material on the arc radius and electric field in the arc column. Then, the effect of gassing material on the transient process of arc motion also has been simulated. In addition, using the two-dimensional optical fiber measurement system, experiments have been done to measure the average velocity of arc motion with one model chamber and to verify the simulation model and prediction results. It demonstrates that the action of gassing material may yield the stronger electric field, less arc radius and higher arc motion velocity. key words: circuit breaker, arc, gassing material, MHD
Introduction
In modern low voltage circuit breakers, gassing insulators such as POM, PBT, PA6, etc., have been used as side-wall materials to effectively extinguish the arc during a fault current interruption process. Therefore, a comprehensive understanding of this ablation controlled arc is of interest and importance to improve their performance.
In order to describe and to predict the arc behavior in low voltage circuit breakers, magnetohydrodynamic (MHD) approach seems to be an effective way. First MHD calculation was done by Karetta for arc chambers consisting of two arc runners [1] . This was extended to consider the existence of ferromagnetic material in the arc chamber in [2] . Concerning the ablation controlled arc, Andre calculated the composition and thermodynamic properties of plasma formed in ablated vapour of several gassing materials [3] . Swierczynski also presented the transport properties of 90% air-10% PA6 mixture arc plasma, and analyzed the influence of the nature of the gas on arc root velocity and possible restrike using air and air-PA6 mixture as the plasma gas [4] . In our previous paper, the effect of gassing material on arc temperature distribution and arc voltage was studied [5] . At the same time, several experimental papers reported the effect of gassing material on arc characteristics. Shea investigated the gassing arc chamber wall material effect on post currentzero recovery voltage breakdown [6] . We also studied the influence of the mounting location of the gassing material on arc average temperature and the properties of the gassing materials on interruption performance in low voltage circuit breakers [7] . However, knowledge about the effect of gassing material on electric field in the arc column and arc radius is unknown. Especially, no enough evidence could be found to discuss the arc motion velocity variation derived from the action of gassing material though it is known that using the gassing materials as chamber side-wall is one effective way to improve the interruption performance of low voltage circuit breaker. Following our previous work, the paper addresses to study the above mentioned issues. With the help of the 2-D optical fiber arc motion measurement system and FLENT software, one simplified model is used to carry out relevant experimental and simulation work.
The Mathematical Model

Assumption and Basic Equations
The behavior of the arc in low voltage circuit breaker is determined by the complex interactions of magnetic forces, current flow, gas flow, heat conduction and radiation. So, generally, mathematical models do not take into account all the phenomena and some necessary assumption should be made to different issues.
In the paper, because we were interested in the motion of the arc column, the following main assumptions were made to reduce the complexity of the simulation:
(1) The plasma studied is assumed to satisfy conditions for local thermodynamic equilibrium (LTE) and the flow is laminar.
(2) The arc-electrode interaction is not modeled.
The plasma is considered to be high temperature air or 90% air-10% PA6 mixture with the thermodynamic and transport properties obtained from the literature [4] , [8] . The physical properties, including thermal conductivity, viscosity, density, specific heat and electrical conductivity, are functions of the plasma temperature and pressure. Figure 1 presents the equilibrium composition obtained for a 90% air-10% PA6 plasma [4] . Based on the knowledge of the equilibrium composition, the thermodynamic properties and transport coefficients could be calculated, which are used to model the ablation controlled arc. The arc plasma can be then described by Navier-Stokes equations to describe the mass, momentum and energy conservation processes, and Maxwell's equations to describe the electromagnetic processes. In addition, in accordance with the physical process of the arc column, to reflect the ohmic heating and radiative cooling, together with the Lorentz force on the plasma due to self-induced and external magnetic fields, it is necessary for the simulation of the arc to include source terms in the energy and momentum equations.
The governing equations are as follows, with t being time, x k , and x n Cartesian coordinates, υ flow velocity, velocity in k-coordinate (k=x, y), p pressure, T temperature, H dynamic enthalpy, J current density, B magnetic flux density, V viscous dissipation function, S R radiative cooling, ρ density, η viscosity, λ thermal conductivity, σ electrical conductivity, i current, and E arc electric field.
(1) Mass balance:
(2) Momentum balance:
(3) Energy balance:
(4) Ohm's law and electric field equation:
(5) Magnetic flux density can be calculated from the Biot-Savart equation with the assumption of no ferromagnetic materials in the domain. 
B( r) = B( r) ext
Equation (6) was used to calculate the magnetic flux density for a given current density distribution for each point in the computational domain including the existence of the external magnetic field.
The source term in the momentum balance, J × B, is the Lorentz force density, which represents the interaction between the electric current and the magnetic field.
Ohmic heating, (1/σ) J 2 , occurs when there is electric current flowing through the plasma field. It is the major factor resulting in the high temperature of arc column.
Thermal radiation plays a significant role in switching arcs due to the high operating temperatures. However, an exact formulation of the energy radiation is very complicated, which depends on the spectrum characteristics, temperature and pressure.
In the paper, Eq. (7) from the literature [1] was used to represent the radiation cooling, where T 0 means ambient temperature and is equal to 300 K in the paper.
where
2.2 Calculation Model and Boundary Conditions Figure 2 shows the calculation model. The calculation plane ABCD was parallel to the electrodes, or perpendicular to the arc column. The region geometry was 80 mm × 14 mm. The grid size was 0.2 mm × 0.2 mm.
The boundary conditions are as follows:
(1) To boundaries AB, CD and AD, adiabatic conditions were assumed for thermal conditions and no-slip conditions were specified for velocity.
(2) To full open venting BC, the static pressure was equal to zero and the temperature was set to environment temperature of 300 K.
It was assumed that arc current flowed into the paper plane, and with the action of external magnetic field of ydirection, which was set to 5 mT and consistent with the experimental conditions, together with the gas flow, the arc may move towards the venting.
The model was based on the finite volume method and used commercial software FLUENT by embedded some necessary self-programmed codes to take the MHD effects into account.
Simulation Results
Steady State Simulation on Arc Radius and Electric Field
Arc radius and electric field are two crucial parameters of arc column, which are relevant to arc voltage characteristics and current limiting performance directly. In the paper, according to the above model, the electric field and arc radius variations with current are obtained with steady state simulation, which is time-independent with no imposed external magnetic field. Figure 3 shows the results of arc radius variation with current of free burning arc from Lowke's calculation [9] and wall controlled arc from our calculation. It should be noted that the radius of the region that surrounds 90% of the total current is considered to be the arc radius. It could be seen that the arc radius increases with the increase of current, and the arc radius of wall controlled arc is less than the one of free burning arc when the current is the same value due to the restriction of the side wall.
Considering the effect of gassing material on the arc radius, Table 1 shows the arc radius variation with current, where r 1 and r 2 demonstrate the arc radius in the case of wall controlled arc and ablation controlled arc,respectively. It seems that the radius of ablation controlled arc is a little Fig. 3 Comparison of arc radius between wall controlled arc and free burning arc. smaller, which benefits to increase the arc voltage. Table 1 also shows the electric field in the arc column of wall controlled arc (E 1 ) and ablation controlled arc (E 2 ), respectively. It seems that the effect of current on electric field is very little. The electric field may vary from 4.10-4.22 kV/m, and from 4.17-4.29 kV/m in the case of wall controlled arc and ablation controlled arc, respectively. Higher electric field results in higher arc voltage, and then it may conclude that the arc voltage of ablation controlled arc is higher, which is consistent with our previous experiment results [7] .
In literature [10] , the characteristic value of electric field in arc column of low voltage circuit breaker was reported to be 3.0 kV/m from arc dynamic simulation. In [11] , based on the experimental study of high current fault air arc in long gap of power transmission line, the electric field could be described by E = 0.95 + 0.005/I (kV/m), which also demonstrates that the current has little effect on electric field in arc column though the actual values have some difference among different types of air arc.
Transient State Simulation on Arc Motion Process
In order to study the arc motion process with the action of external magnetic field, transient state simulations were carried out. The steady state solution was used as the initial condition. For t>0, the external magnetic field (in +y direction) of 5 mT was switched in the computations and the subsequent temporal arc behavior.
The current level in the transient state simulation was selected in view of the experimental conditions and results described later, and it showed that the peak values of current and the initial ignition current were all almost equal to 200 A and 100 A, respectively. Therefore, in the following simulations, the fault current could be expressed by i = 200 sin(100πt + π/6) in view of such actual experimental conditions. Figure 4 shows the arc temperature variation with the time during the arc motion process when the arc ignition position is in the middle of the chamber. It can be seen that the high temperature region of arc moves towards to the venting continuously with the action of external magnetic field and gas flow. From the results of arc temperature distribution variation with time, the average velocity of arc motion could be calculated, if the arc displacement is defined as the displacement of the arc maximum temperature point. Figure 5 shows the calculation result of arc displacement variation with time in the case of wall controlled arc and ablation controlled arc, respectively. It demonstrates that the arc motion velocity of ablation controlled arc is faster than that of wall controlled arc, which may be explained by the following points theoretically.
It is known that ablation from the side walls of the arc chamber made of gassing materials produces a large amount of hydrogen to increase the heat transfer around the arc body and decrease the radial extension of the arc, which results in the increase and constriction of current density of the high temperature region in the arc column. Then the Lorentz force acting on the arc will increase correspondingly, and the arc will be much accelerated compared with the case of wall controlled arc. In addition, the viscosity of the 90% air-10% PA6 plasma is less than that of pure air plasma, especially when the temperature is below 15000 K [4] , which also benefits to improve the arc motion velocity to some extent. same as the simulation model. Holes were made on one sidewall of the chamber to observe the arc motion with optical fibers. The diameter of holes was uniform and equal to 2 mm, and the distance of neighboring holes was the same value of 6 mm. A piece of Pyrex glass P1 was used to cover the sidewall with holes to allow arc light to access, and at the same time, to prevent the optical fiber to be damaged by high temperature arc. Then, another piece of Pyrex glass P2 with holes was mounted on P1 and used to fix the optical fiber. It was important that the holes on P2 should be one-to-one correspondence with the holes on the chamber sidewall exactly to allow the arc light signal to enter the optical fiber entirely.
Experimental Model and Method
In the experiments, the arc was ignited by a copper fuse wire, the diameter of which was 0.1 mm. The wire was fixed between the two current carrying conductors, whose distance was 25 mm. And the arc was driven to move forward by 5 mT external magnetic field, which is consistent with the above mentioned calculation conditions. In addition, the venting 1 and 2 were always open and closed fully, respectively.
In order to study the influence of gassing material on arc motion, a strip of the gassing material PA6 was mounted around the arc ignition location, the size of which was 7 mm × 30 mm × 2 mm.
The short circuit current was provided by the capacitor bank circuit. The circuit could deliver 50 Hz sine-shaped current, the prospective effective value of which was adjustable between 100 A and 2000 A. In the paper, this current value was equal to 200 A.
The integrated imaging diagnostics system was used to measure the electrical quantities and arc motion throughout the arc duration, which consists of four main components [12] :
(1) An optical high-speed imaging system was used to transmit the arc light signal. The maximum sampling frequency could be up to 10 6 frames/second. (2) Arc current and voltage were measured with shunter, which value was 1 mΩ, and voltage transducer (Tektronix 6015 A), respectively. 4 analog channels with the maximum sampling frequency of 15.625 kHz and conversion precision of 12-bit, were to transmit these quantities to signal processing unit.
(3) Signal processing circuit was designed to accomplish the optoelectronic conversion, A/D conversion, read/write operation, etc. (4) A PC can manage and analyze the experimental data, and a printer was used to output interesting results. Figure 7 shows the typical experimental results of arc current and voltage variation with time, as well the arc motion process of wall controlled arc. From the figure, it could be seen that the peak values of current and the initial ignition current are all almost equal to 200 A and 100 A, respectively, which determines the above simulation condition for the arc current. It should be noted that the actual peak value of current (200 A) is less than the prospective peak value of current (282.8 A) due to the influence of the arc voltage and the consequent current limiting.
Experimental Results and Discussion
In the results, the color bar in the bottom of the figures indicates the light intensity. From the left to right of the bar, the light intensity is stronger and stronger. During the whole arc burning process, the vertical black line goes forward with the variation of the time and presents the corresponding time, current and voltage values, at the same time, the arc plasma moves synchronously. This is also called the animation observation of the arc motion process. Therefore, the line is useful to help us to understand the arc behavior much better.
It should be noted that, in the figure, we show the measurement results once the arc moves forward of 6 mm displacement, which is indicated by the strongest light intensity that appears at the next observation hole.
Because the arc should behave largely randomly shot to shot, several shots were done for each case. Table 2 shows the experimental results of the time interval t for each shot and average time interval t a of arc motion of the above two kinds of arc when the arc displacement s are 6 and 12 mm respectively. The unit of time is ms. .28%, respectively, so it demonstrates that the simulation and experimental results are comparable. At the same time, it seems that the arc motion velocity could be improved with the action of gassing material, which results in accelerating the rising velocity of arc voltage and then benefits to improve the interruption performance to some extent. In addition, from Fig. 7 , the arc voltage almost keeps constant, the value of which is equal to 108 V. Typically, the total value of anode and cathode fall voltage is 20 V [13] . In the experimental model, the distance between contacts is 25 mm, then the average electric field in the arc column can be obtained by (108-20) V/25 mm=3.52 kV/m, which is comparable with the above simulation results, and then may verify the simulation model from the view of electric field.
Conclusions
(1) Arc radius increases with the increase of current, and the arc radius of wall controlled arc is less than the one of free burning arc and larger than the one of ablation controlled arc when the current is the same value.
(2) It seems that the effect of current on electric field is very little. With the action of gassing material, the electric field is higher compared with wall controlled arc.
(3) The arc motion velocity could be improved significantly with the action of gassing material, which also benefits to improve the interruption performance to some extent.
